M otion sickness (MS) is a complex phenomenon that has a plethora of physiological and psychological signs and symptoms. 55, 66, 83 It has been the subject of much empirical and theoretical speculation since the 1940s and has proven to be one of the most vexing topics in neurophysiology. As of 31 October 2017, a total of 3397 articles were listed on PubMed that have the term "Motion Sickness" in their title and there are a host of theories concerning its etiology. Although our knowledge of MS has led to effective pharmacological preventive treatments and behavioral techniques (e.g., vestibular habituation), 34 as well as improvements in the motional environments of transport vehicles, 22 no major theory of MS can explain all of the key findings in the MS literature, nor has any met with universal acceptance. The purpose of the present paper is not to attempt to explain all of the previous MS literature-whose findings are in many cases contradictorybut rather to propose a theory that explains the most important findings and synthesizes the most prominent of the alternative theories.
R E V I E W A R T I C L E
M otion sickness (MS) is a complex phenomenon that has a plethora of physiological and psychological signs and symptoms. 55, 66, 83 It has been the subject of much empirical and theoretical speculation since the 1940s and has proven to be one of the most vexing topics in neurophysiology. As of 31 October 2017, a total of 3397 articles were listed on PubMed that have the term "Motion Sickness" in their title and there are a host of theories concerning its etiology. Although our knowledge of MS has led to effective pharmacological preventive treatments and behavioral techniques (e.g., vestibular habituation), 34 as well as improvements in the motional environments of transport vehicles, 22 no major theory of MS can explain all of the key findings in the MS literature, nor has any met with universal acceptance. The purpose of the present paper is not to attempt to explain all of the previous MS literature-whose findings are in many cases contradictorybut rather to propose a theory that explains the most important findings and synthesizes the most prominent of the alternative theories.
The theory espoused here extends previous efforts to delineate the roles of the two major organs of the vestibular systemthe semicircular canals and otoliths-in autonomic control. 77, 78 One of the only findings in the MS literature that has never been contradicted is that the vestibular organ (labyrinth) is essential for MS to occur. 7, 17, 83 It is also widely acknowledged that MS is a central phenomenon, as severing vagal nerve afferents from the stomach does not block motion-induced nausea. 66 It is still disputed, however, whether the semicircular canals, which sense angular rotation, or the otolith organs, which sense linear acceleration and gravity, play the more important role in the genesis of MS. The thesis of this paper is that MS is caused by an over-activation of the semicircular canals, tied more closely to the cholinergic mechanisms of nausea and vomiting, whereas reduced otolith output by loss, unloading, or absence in specific situations where expected also contributes to MS. Hence, MS is more likely whenever the normal balance of canal and otolith outputs shifts in the direction of greater canal activity. Before presenting the details of this "intravestibular imbalance" theory of MS, I will briefly review some of the major current theories concerning its origins.
variety of sensory conflicts create nausea and other symptoms associated with motion sickness. One of the most well-known of such conflicts is the Coriolis (cross-coupling) effect that occurs after a head tilt during sustained rotation. Head tilts take the semicircular canals previously stimulated (e.g., the horizontal canals during sustained yaw motion with head upright) out of the original plane of motion and create a post-rotary deceleration in them while at the same time moving the vertical canals closer to the new plane of rotation. In addition, the new post-rotary plane of the horizontal canals (e.g., pitch in the case of a head-down lateral or roll tilt) is now discrepant with the inputs from the otoliths, which signal lateral tilt, not pitch. Another well-known sensory conflict is visually induced MS (VIMS) created by large moving scenes, such as might be experienced in an optokinetic chamber with moving stripes on its walls. Here, the conflict is between the absence of actual semicircular canal inputs (since the person is objectively stationary) and the visual inputs that convey continuous motion.
The sensory conflict theory has been challenged conceptually. 89 Two of the biggest problems for this theory are the inability to precisely measure the amount of conflict and to identify a priori those conflicts that lead to MS vs. those that do not. 55, 89 While cross-coupling and VIMS ostensibly support the role of sensory conflict in the genesis of MS, there are a very large number of conflict situations that do not lead to MS. 89 Examples of prominent sensory and sensory-motor conflicts that do not lead to MS include visual-auditory capture (i.e., the "ventriloquist" effect) and visual-haptic capture. 75 Hence, a more defensible version of conflict theory argues that conflicts have to involve directly or indirectly the vestibular system, either through intravestibular (canal-otolith) or visual-vestibular (inertial) conflict. 83, p.106 However, sensory conflict is neither a necessary nor sufficient explanation for MS even under these more constrained conditions. Low-frequency vertical linear acceleration, which is sensed by the otoliths but not by the semicircular canals and does not in the absence of vision pose a sensory conflict, is much more provocative than horizontal (lateral) linear acceleration, 35 which changes the gravitoinertial vector's magnitude and direction, akin to a lateral head tilt. In terms of sensory conflict, the latter should be more provocative since the expected stimulation of the semicircular canals that would ordinarily accompany a head tilt does not occur in this situation. Indeed, it has been shown in some studies that adding angular roll to align the gravitoinertial vector with the long axis of the person and eliminate the conflict actually increases MS. 28 Moreover, conflicts that are created by removing the normal contribution of either the semicircular canals or otoliths have varying effects: plugging the semicircular canals eliminates almost all types of MS, whereas unloading of the otoliths post-centrifugation or in microgravity increases motion/space sickness.
Seemingly similar conflicts between the two major organs of the labyrinth can have surprisingly different effects on MS. Motion sickness is very strong when the individual first encounters sensory conflicts associated with the microgravity environment of spaceflight, but comparatively little MS is produced when the same person returns to Earth 92 even though similar sensory conflicts abound in both cases, 84, 108 including misperception of tilt for translation and misperception of scene motion for self-motion. Another example of this is when the body rotates about its own axis (stimulating the horizontal semicircular canals) while the person is tilted backward or forward by 30° or more (off-axis vertical rotation, or OVAR). Continuous OVAR in which the person is continuously changing his or her position relative to gravity produces strong symptoms of MS, but sinusoidal OVAR does not. 33 In both cases, though, there is strong intravestibular conflict because the horizontal canals signal lateral rotation about the body-axis while the otoliths sense head-down tilt relative to gravity. An even more revealing insight into the types of sensory conflicts that lead to nausea are the seminal experiments of Witkin, 102, Section G in which a room moving in roll was placed in conflict with a participant who could be tilted or remain upright. When the room moved while the observer was tilted-regardless of whether it moved in the same or opposite direction as the observer-little MS was produced in the vast majority of participants. Only when the room moved while the observer remained upright did widespread and substantial MS occur.
Conflicts are especially hard to determine when perceptual factors are considered. For example, moving visual scenes can induce perceived self-motion through vection, which should increase the conflict with stationary graviceptors, but the amount of vection experienced is not tightly correlated with MS across participants. 48, 54 Also, when we are in enclosed visual spaces that move with us-such as the inside of an airplanethe visual scene is stationary relative to us even as we are exposed to accelerations. For example, when we are in a sustained forward linear acceleration, the net gravitoinertial vector is displaced backward and we feel pitched up; in an aircraft, the entire inside view of the bulkhead and cabin will also appear to pitch up, in what is known as the oculogravic illusion. 36 (A similar phenomenon involving angular rotation is known as the oculogyral illusion.) Almost 10 million airline passengers experience this phenomenon every day as the aircraft accelerates down the runway without feeling sick; indeed, the percentage of motion sickness in airplanes is remarkably low (, 1%), 83, p.30 despite continuous conflict between the stationary visual frame and the motion of the aircraft. Finally, sometimes bizarre perceptual outcomes occur during visual-vestibular conflicts that do not lead to MS, such as when a person walks on a rotating turntable while the scene moves with him or her; in this case, the forward-stepping person perceives himself or herself to be walking backward! 55 The last experience demonstrates how the human brain generally resolves perceptual conflicts without serious consequences. 89 One way in which this is done is by the "frame-ofmotion" inference. 79 When an observer-stationary visual image is present during actual motion, the observer perceives the image as moving with the motion (e.g., the oculogyral or oculogravic illusion) if the image is perceived to emanate within the frame-of-motion of the observer, whereas the observer feels stationary if the scene appears outside the frame-of-motion.
Sometimes, perceptual conflicts resolve themselves over time, as when a scene initially appears to move and the observer feels stationary but later appears to slow and sometimes even stop as self-motion commences.
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Subjective vertical mismatch. A tighter version of sensory conflict theory argues that only conflicts that lead to a misperception of the vertical relative to previous experience create MS. 10 This clearly puts the onus on disturbances to the otolith system or conflicts between the otoliths and the canals or other sensory systems, because the otoliths are critical for sensing gravitoinertial forces. It should be noted that misperception of the vertical is not inherently provocative; for example, the wellknown rod-and-frame illusion in which a tilted or oscillating frame leads one to move the perceived vertical in the direction of the frame does not typically create nausea. However, there are also situations in which misperception of the vertical is associated with MS, as in the afore-mentioned cross-coupling. In these cases, though, shifts of the subjective away from the objective vertical only partially predict the provocativeness of the cross-coupled stimulus. 42 Another example of how the sensed vertical may differ from the expected without causing any MS is the aforementioned oculogravic illusion. During takeoff, the backward tilt of the resultant gravitoinertial vector and consequent pitch-up perception of the passenger clearly differ from the obvious cognitive deduction that the plane is still on the runway, yet no MS occurs. And, as noted previously, there are major misalignments of the subjective vertical both entering and remaining in microgravity and upon returning to 1 G, yet the nauseogenic effects of returning to Earth or even after adapting to microgravity are far less than the space sickness encountered upon initial entry into microgravity. 92 On the other hand, angular oscillation about an Earthvertical axis with the eyes closed can, over time, lead to nausea and even vomiting, 43 despite the fact that there is no movement relative to gravity. Although MS is more likely during such rotation while lying horizontally (stimulating the vertical and posterior canals) than sitting upright (stimulating the horizontal canals), in neither orientation would there be any basis for misperceiving the direction of gravity. Similarly, oscillation of an optokinetic scene around an Earth-vertical axis is also nauseogenic, despite no reported misperception of the vertical. Moreover, pure vertical linear oscillation, which does not create any change in the direction of the subjective vertical from the actual vertical, is highly nauseogenic between 0.1 and 0.5 Hz. 10 Proponents of the subjective vertical hypothesis have argued that the perceived magnitude of the vertical oscillation is misaligned with the expected motion vector, based on the lowpass filtering of the otolithic response. 10 However, this assumes that a restrained, blindfolded subject passively moved up and down has an expected "internal" model independent of the otoliths, which is unlikely given that the otoliths themselves are critically involved in sensing vertical acceleration. Finally, as noted earlier, horizontal linear oscillation shifts the gravitoinertial vector and produces a conflict between the direction and magnitude of the actual vs. perceived vertical, but produces comparatively less MS than vertical oscillation, 35 particularly when the former is not compensated for by angular rotation.
28
Postural instability. Another theory for the etiology of MS posits that conditions of postural instability are especially nauseogenic. 85 There are many examples of situations in which both postural instability and MS occur-e.g., during microgravity or post-hyper-G, or after cross-coupling-but there are also many in which postural stability is not reduced (e.g., oscillation around an Earth-vertical axis), despite the presence of MS. Also, reducing postural instability through passive restraint offers only modest, if any, protection against MS symptoms.
53,99 Conversely, there are many examples of postural instability not being associated with a high degree of MS, such as after returning to Earth after long spaceflights. 84, 92, 108 One of the most decisive pieces of evidence in this regard is the much greater postural instability 5, 7, 30 but absent MS induced by bilateral damage to the labyrinth. Postural instability cannot be considered a cause of MS, therefore.
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Poison theory. Another theory to explain the occurrence of MS is the poison theory, put forth initially by Treisman 93 and later expounded on by Money and colleagues. 66 This theory proposes that unusual movements of the head indicate that a poison has been ingested and, therefore, are designed to induce the vomiting associated with extreme MS. There is evidence that taste aversions and vomiting in response to some toxins are affected by vestibular lesions, 64 but the effects of such lesions were selective for mainly centrally acting substances (e.g., nicotine, dopamine) that may interact with vestibular responses centrally. It is also noteworthy that vestibular inputs to the vomiting center include "multisensory" neurons that could express some form of intravestibular conflict signals. 106 However, many poisons do not induce vomiting, or they prove lethal before any MS occurs, while many others do not cause vestibular symptoms. 73 Nor are the sustained motions most likely to produce terrestrial MS (e.g., vertical oscillation, off-vertical rotations, cross-coupling, etc.) typical components of behaviors following ingestion of poisons.
Velocity storage. Yet another theory to explain MS highlights the role of velocity storage mechanisms. Velocity storage is a complex set of central mechanisms that prolong (or in some cases shorten) the time constants of the semicircular canal signals, which would otherwise quickly dissipate within seconds during sustained rotation. Some types of velocity storage, such as the continued nystagmus present during OVAR or the reduction in duration ("dumping") of the post-rotary nystagmus during cross-coupled stimulation, are believed to require inputs from the otolith organs. 59 One key piece of evidence for a link between velocity storage and MS is that individuals whose time constants for per-rotary and post-rotary canal responses are longer are more likely to experience space sickness. 27 It has also been claimed that during OVAR, the amplitude of the 25, 95 although this finding has been contradicted. 80 However, the contribution of the otoliths to velocity storage is very complex, as the putative "otolithic" bias component of velocity storage has been shown to decrease after canal plugging.
2 Some researchers even discount the importance of otolith inputs to some aspects of velocity storage. 8 Any relationship between velocity storage and MS is further complicated by the fact that, relative to 1 G, velocity storage is reduced during parabolic flight in both the hyper-G phase (when otolith shearing is greater) and 0-G phase (when otolith shearing is reduced). 27 And, since velocity storage in microgravity is reduced despite the greater motion/space sickness encountered there, velocity storage is unlikely to be causally related to MS. This conclusion is consistent with the fact that, under certain conditions, eye movements are neither necessary for, 49 nor tightly coupled with, MS. 48, 81 These and other findings also run counter to the hypothesis that ocular nystagmus is causally related to MS.
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Otolith asymmetry. A final hypothesis concerning motion/ space sickness that is relevant to this paper is the otolith asymmetry hypothesis. 96 This hypothesis is based on evidence that humans (and animals) that on Earth have more asymmetrical otolith-ocular reflexes (e.g., ocular counter-rolling) or other output (e.g., vestibular-evoked myogenic potentials, or VEMP) are more susceptible to space sickness. 57, 61, 96 One reason for this is effective elimination (and equalization) in microgravity of otolith-mediated graviception, which would create more intravestibular conflict for those who have adapted to asymmetry on Earth. Otolith asymmetry was not correlated with MS susceptibility in an analogous post-hyper-G condition, however, 72 and it has not been shown to play an important role in terrestrial MS. 13, 31, 90 Furthermore, left-otolith dominance is a widespread phenomenon in humans and is correlated with right-handedness, 76 even though handedness itself does not seem to be related to terrestrial MS.
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Summary. All major theories of MS capture or at least address some of the situations in which MS occurs. They also complement each other in many ways: e.g., sensory conflicts can be associated with altered velocity storage, postural instability can be caused by poison ingestion, otolith asymmetry can cause sensory conflicts in microgravity, etc. But each of these theories falls short in many areas and is subject to contradictory evidence. In the next section, a theory of MS that emphasizes a unidirectional imbalance between semicircular canal and otolith activity in the genesis of MS will be presented. The ensuing section will highlight the relevance of this theory to the previously described MS theories, while the final section will propose that MS is more a consequence of the different roles of the otoliths and semicircular canals in autonomic control rather than a phenomenon with adaptive significance in and of itself.
Intravestibular Imbalance and Motion Sickness
This section will present evidence that the otoliths and semicircular canals have different roles in the production of MS, with canal stimulation being more provocative than otolith stimulation. This theory predicts that whenever the balance of activity between the semicircular canals and otoliths shifts in favor of the former, MS is more likely to occur. This can happen whenever the semicircular canals are stimulated by sustained or oscillating rotation, by rotating scenes, by caloric stimulation, in clinical disorders such as benign paroxysmal positional nystagmus (BPPN), or by external substances (e.g., alcohol). Conversely, reduction of canal activity by plugging or lesions and anti-MS drugs tends to be protective against MS. By contrast, a diminution of otolith inputs by damage or dysfunction, exposure to microgravity or similar conditions, unloading (as in vertical oscillation), or absence in specific situations (e.g., cross-coupling) would be expected to increase susceptibility to MS.
Altered canal activity and motion sickness. The term "canal sickness" was once widely used in the MS literature, 52, 62 as there are a wide variety of conditions involving sustained or oscillating angular motion that lead to MS, including those that involve rotation about an Earth-vertical axis. Low-frequency, prolonged sinusoidal motion about an Earth-vertical axis is nauseogenic in and of itself, with no corresponding otolithic or visual inputs. 43 Also, MS caused by cross-coupled angular acceleration is at least partly caused by the magnitude of the angular acceleration, regardless of the conflict with the otoliths, 42 as is consistent with the fact that higher angular accelerations and velocities associated with faster head movements tend to be more provocative. 39 Visually induced rotation that stimulates the same cells in the medial vestibular nuclei as does actual rotation 98 has also proven to be provocative, even if it occurs around an Earth-vertical axis where there is no conflict with otolith inputs. VIMS can even be stronger than MS caused by actual rotation because visually induced stimulation of canal projection areas in the brain never ceases, unlike an actual sustained rotation in which the canal output declines after the initial acceleration with a time constant of 10-15 s. Numerous studies have shown that MS susceptibility in various situations is positively correlated with the duration and magnitude of canal-ocular reflexes, 52, 62, 87 although other studies have shown no relationship. 13, 60, 68 No study to date has shown a negative relationship between the strength of canal outputs and MS susceptibility, however.
There are many other situations in which semicircular canal stimulation, unaccompanied by otolith inputs, can be quite provocative. For example, caloric irrigation of the inner ear stimulates the canals and elicits primarily horizontal nystagmus along with a powerful nauseogenic experience in many individuals. 60 Powerful rotary sensations occur along with nausea and vomiting in BPPN, 45 partly caused by the impact of otolith shards (otoconia) on the cupula of the canals, typically the posterior canal because of its anatomical location. 4 Conversely, diminution of canal outputs tends to reduce the likelihood of 110 Anticholinergic (e.g., scopolamine) and other drugs (e.g., baclofen) used successfully to treat MS are believed to reduce the activity of canal afferents more than otolith ones, 94,100,101 as they inhibit neurons in the cholinergic (muscarinic)-rich medial vestibular nucleus that receive primarily canal inputs. 77 Finally, the process of vestibular habituation to motion sickness-whether occurring passively over repeated exposures or in response to active head movements in Coriolis and other provocative situationshas repeatedly been shown to lead to a reduction in the gain of canal reflexes. 15 The diminished canal gains have even been shown to be specific to the direction of canal habituation. 41 In summary, overactivation/disinhibition of the semicircular canals appears sufficient for a wide range of MS, from VIMS to Earth-vertical rotations to cross-coupled stimulation.
Altered otolith activity and motion sickness. The role of the otolith organs in MS is more complex than that of the semicircular canals. On the one hand, the otoliths are stimulated in provocative situations such as vertical oscillation and OVAR, but their absence or unloading in these conditions and in microgravity and post-hyper-G may provide a better perspective on their role in motion/space sickness.
Stimulation of the otoliths by linear forces is not inherently nauseogenic. Humans can tolerate exposure to .1 G and other acceleratory environments as long as they do not make head movements, 49, 50 which, because of the angular rotation usually employed in generating the centrifugal forces, can lead to crosscoupling. Nor is increased loading of the otoliths provocative, as moving from a microgravity to a 1-G environment does not generate substantial MS, despite a wide variety of sensory conflicts. 92 Indeed, anecdotal reports suggest the return to a 1-G environment following spaceflight may confer later immunity to terrestrial MS. 92 The beneficial effects of normal graviception is further illustrated by the fact that roll oscillation is not very provocative in the erect position, 46, 68 when otolith shearing would be present, but is highly provocative when supine, 43 when otolith graviceptor signals do not accompany the movement of the head.
It would appear that absence of normal graviception, by exposure to a microgravity environment or following prolonged adaptation to a hyper-G environment, renders the individual much more susceptible to motion/space sickness. Otolith ocular-tilt reflexes are diminished in space 18, 19 and there is a reinterpretation of otolith tilt signals as linear acceleration/ translation. 84, 109 While some of the sickness that develops in microgravity as a result of primarily pitch and roll movements of the head 91 may be due to semicircular canal inputs being deprived of normal corollary graviceptor signals, initial space sickness does not require head movements or any conflict with semicircular canal inputs. 91 Following prolonged hyper-gravity (30 min to several hours at 2 G or above), a severe adaptation of the otoliths occurs and otolith ocular-tilt reflexes are similarly diminished. 1, 6, 40 The post-hyper-G experience is associated with nausea, postural instability, and sensory conflict, 1, 6, 40 and it is considered a model for space sickness. 1, 6 Adaptation of the otolith organs may also explain why hyper-G environments devoid of strong angular stimulation prove provocative, because in the lone in-flight study of this phenomenon, 5.5 min of hyper-G was followed by a similar period at 1 G, 70 in which unloading of the otoliths would have occurred due to the previous hyper-G adaptation.
While the absence of normal graviception is provocative, so too may be the repeated unloading of otolith signals. This occurs in pure vertical oscillation, where the individual alternates between a .1-G stimulus (rising phase) and a ,1-G stimulus (falling phase), and in parabolic flight, which typically alternates between 1.8 G and 0 G. In fish, behavior indicative of MS is most pronounced on the entrance into ,1 G during parabolic flight. 3 By contrast, in horizontal linear oscillation, the stimulus on the otoliths ranges between 1 G and .1 G as the inertial acceleration sums with gravity; in this situation, MS is reduced relative to that produced by vertical oscillation, despite the shift of the resultant gravitoinertial vector relative to the head without a concomitant semicircular canal signal of head rotation. 35 Transient otolith unloading may also be a factor in the provocativeness of sustained OVAR: because the typical 30° tilt of the participant in OVAR approximates the inclination of the utricles in an upright position, when the participant rotates to a face-down position in OVAR, shearing on the utricules in particular is reduced. This may explain why sinusoidal OVAR, especially at the frequency range in which sustained OVAR is most effective (0.2-0.3 Hz), provokes such little nausea: 33 at a typical 50° · s 21 peak velocity of rotation, the participant never rotates to a face-down position to unload the utricles (Furman JM. Personal communication; 11 May 2017).
Beyond the sustained absence or unloading of the otoliths, the transient absence of otolith signals in specific situations where they would ordinarily be expected is also provocative. For example, in the cross-coupling situation, a head roll after sustained yaw gives rise to a pitch sensation because the output of the horizontal canal (now in a vertical plane) signals deceleration as it is removed from the plane of its previous rotation. A provocative aspect in this instance may be that no otolith inputs occur where they would be expected. When otolith inputs are less expected-as after adaptation to the microgravity of spaceflight or the 0-G phase of parabolic flight-crosscoupled stimulation is less provocative in inducing MS 56 (but see Graybiel et al. 37 ). Direct evidence for otolith involvement in MS is equivocal. In contrast to the theory presented here, ablation of both sets of otolith organs in squirrel monkeys led to a long-term reduction of MS symptoms (and even eliminated emesis) produced by sustained rotation about an Earth-horizontal axis (i.e., barbecue rotation). 47 More recently, there has been an increase in the use of measures to test otolith function selectively, such as VEMP, the subjective vertical, and various otolith-ocular reflexes. One study of VEMP threshold and amplitudes showed that VEMP sensitivity is negatively correlated with motion/sea 90 but three other studies showed a nonsignificant relationship between MS and VEMP parameters 13, 88, 104 and yet another study showed a positive relationship between VEMP amplitude and MS susceptibility. 31 Using a variety of canal tests and both VEMP and the subjective visual vertical as measures of otolith function, Farrell and Rine 30 found that the overall dizziness handicap index and specific symptoms such as "drunkenness" and "nausea" were higher in otolith-deficient than canal-deficient individuals, although their study was preliminary and included only a few patients in each group. In terms of OVAR, Quarck et al. 80 showed the bias and modulatory components of OVAR (both linked to otolith inputs) correlated negatively with MS susceptibility, but as noted earlier others have shown the reverse. 25, 95 Finally, reduced otolith function may also be a factor in the nausea and related symptoms of BPPN.
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Summary of the roles of canals and otoliths in motion sickness. Despite many conflicting findings, a general conclusion of the existing literature is that canal overactivation/disinhibition is sufficient in creating many types of MS, especially those following visual or actual rotation around a 1-G Earth-vertical axis. Manipulations and/or conditions that activate primarily the canals-whether they be Earth-vertical actual or visually induced rotation, caloric irrigation, or BPPN-tend to be provocative, while anti-MS drugs tend to act mainly on canal outputs upstream. The role of the otoliths in MS is more complex, but sustained underactivity or transient absence/unloading of the otoliths do increase MS susceptibility. The most convincing data in support of a protective role for the otoliths is the substantial MS found in microgravity and post-hyper-G conditions, in which graviceptor outputs are attenuated. These conditions contrast markedly with the much milder MS upon return to 1 G. 92 Ablation studies and clinical assessment of otolith-ocular reflexes and subjective vertical responses have, on the other hand, yielded a murkier picture.
Intravestibular Balance in Relationship to Other Motion Sickness Theories
Sensory conflict. Despite its wide appeal, sensory conflict theory as discussed earlier suffers from many serious flaws, most importantly the inability to determine a priori when a conflict will lead to MS. Indeed, sensory conflicts-even intravestibular or visual-vestibular conflicts-are neither necessary nor sufficient to explain the occurrence of MS. In contrast, some nonconflict situations, e.g., oscillation around an Earth-vertical axis (stimulating only the canals) or oscillation along the Earth-vertical axis (stimulating only the otoliths), do produce MS. And, for those sensory conflicts that are associated with MS it may not be the conflict itself but the cause of the conflict that determines its provocativeness. Continuously rotating visual surrounds convey rotation in the absence of actual canal stimulation in a stationary observer, which could be attributed to visual-vestibular conflict, but optokinetic scenes stimulate cells in the medial vestibular nucleus that also receive canal inputs, 98 and they may be an even more powerful angular stimulus than actual rotation because the visual responses do not dissipate over time. Similarly, cross-coupled angular stimulation constitutes a sensory conflict, but it also introduces canal activity into two planes (one per-rotary, the other post-rotary) without the expected otolith inputs, thereby increasing overall canal output 42 and shifting the overall vestibular tone from otolithic to canalicular. Microgravity environments also produce conflicts when the expected otolith graviceptor output is not present (e.g., vertical head rotations), but again this can be explained as a shift in the balance of activity in the direction of the canals. Conversely, major sensory conflicts caused by canal plugging or the return to a 1-G environment or when G level is increased (as in horizontal linear oscillation) are less provocative because in these cases the balance shifts in the direction of the otoliths. Consistent with this notion is the previously noted finding of Witkin 102 that visually induced motion/tilt in conflict with graviceptor inputs is much less provocative when the otoliths are stimulated in roll vs. when they are not.
Subjective vertical.
As noted earlier, conflicts between the sensed and actual vertical are also present in many situations wherein MS occurs (cross-coupling, microgravity), but there are nauseogenic situations in which no conflict with the subjective vertical occurs (e.g., rotational MS or VIMS). According to the theory proposed here, the reason subjective vertical conflicts may sometimes correlate with MS is more related to the fact that misperception of the subjective vertical occurs during loss of otolith function; indeed, subjective vertical distortion is a test for otolith function. 21, 30, 108 Whenever the subjective vertical is misaligned with the actual, but the otoliths are not impaired or unloaded-as in the rod-and-frame illusion or after vestibular cortical lesions 12 -there is little or no nausea or other symptoms typical of MS. Finally, the present theory explains why the subjective vertical explanation has difficulty explaining the milder MS following a return to 1 G: despite similar distortions of the subjective vertical as during spaceflight, 108 the otoliths are no longer unloaded to the same extent as in microgravity.
Postural instability. Postural instability is also something that occurs frequently in the context of MS (post-hyper-G, microgravity), but as with sensory conflict it is not the postural instability per se but the cause of it that may link it in some cases to MS. Many peripheral impediments (e.g., spinal or limb injuries) can lead to postural difficulties without causing nausea or MS, 9 but postural instability due to central origin is more problematic. One of the cardinal signs of otolith loss or dysfunction is a decreased postural stability, an increase in visual control over posture, and an increase in falling. 5, 7, 30 So, whenever graviceptor signaling is diminished, as in post-hyper-G or microgravity, postural instability and MS would be expected to co-occur. 1, 6, 84 On the other hand, rotational stimulation shifts the balance toward canal excitation and can even create MS and VIMS without being accompanied by postural changes or being affected by restraint. And the return to 1 G is associated with considerable postural instability but much fewer MS 84, 92 because the otoliths are now being loaded rather than unloaded.
Poison theory. The theory proposed here would at first glance not appear to have much relevance for the poison theory of MS. However, many substances that alter fluid balance in the body, such as diuretics and antidiuretics, also affect the fluid balance and functioning of the semicircular canals (endolymphatic hydrops) and increase the risk of vomiting, postural instability, and associated symptoms. One such drug/poison is alcohol, whose effects are evident in the form of positional alcohol nystagmus. 67 Another is vasopressin, which is highly nauseogenic and contributes to endolymphatic hydrops. 86 Among various procedures to reduce the nausea and vertigo produced by endolymphatic hydrops in Meniere's disease are gentamicin (which destroys hair cells in the canals) and canal plugging. 110 It is less known whether certain drugs selectively affect the otoliths, but there are a large number of nauseogenic agents (e.g., anticancer, open-loop diuretics) that are ototoxic in general, 58 possibly affecting the otoliths or canals selectively. One implication of the present theory is that it is not the motions that lead to the poison-induced emesis, but rather the direct effects of the substances on the vestibular organs and their projections. This explains why the most provocative head motions (e.g., crosscoupling) are not those ordinarily occurring following ingestion of poisons. The effect of labyrinthectomies on eliminating some but not all poison-induced emesis is also predicted by the vestibular balance theory, because toxic substances can no longer directly or indirectly create imbalances in canal-otolith output when both vestibular organs are damaged.
Velocity storage. As noted earlier, velocity-storage activity has been related to MS or space sickness in a few studies. While the findings are not always consistent, they are relevant to the present theory. The positive relationship between the duration of the horizontal canal time constant and space sickness suggests that canal over-activation may be involved when graviceptor inputs are removed during spaceflight. Although otolith inputs do affect velocity storage, the relationship between otolith involvement in MS is very complicated as demonstrated by: 1) the reduced velocity storage that occurs in both hypo-and hyper-G environments; 27 2) the lack of effect of direction of head tilt (upright to head-down vs. head-down to upright) on velocity storage during cross-coupling, despite the different otolithic signaling in the two cases; 8 and 3) the disputed relationship between otolith-ocular reflexes and MS during OVAR (see earlier findings). So any relationship between velocity storage generally and MS would seem to rely mainly on variations in excitation of the canals or on more central canal-otolith interactions.
Otolith asymmetry. Otolith asymmetry has been used to explain the occurrence of space sickness in humans in microgravity, 57, 61 in which graviception by the otoliths is essentially absent. Although otolith dominance and postural asymmetry are widespread in humans, those individuals whose otolith outputs are normally the most asymmetric should presumably require the greatest adaptation to the unloading of the graviceptor output in microgravity, at least in the ear that was most sensitive to begin with. 20 So, the absence of otolith asymmetry could, in combination with the reduced overall gravitational loading in microgravity, present a more provocative otolithic disturbance. By contrast, otolith asymmetry would be less linked to terrestrial MS than space sickness because otolith asymmetry is an inherent neural feature of most humans 76 and presumably well-adapted to during the person's lifetime.
Summary. Many of the most prominent theories of MS (intravestibular conflict, subjective vertical mismatch, postural instability, velocity storage, otolith asymmetry) involve some alteration in otolith signaling, usually a sustained or periodic unloading or transient absence in a specific situation. Some theories (visual-vestibular and intravestibular conflict, velocity storage, poison theory) may be also be consonant with a certain degree of canal over-activation. The intravestibular balance theory proposed here can explain to varying extents the occurrence of MS in situations that have been explained by one or more other theories, but it can also explain why MS does not occur in situations that would be predicted by the above theories, because sensory conflicts, postural instability, subjective vertical mismatch, and poison ingestion do not always involve the vestibular system. The intravestibular theory can also explain why MS can occur in situations that do not involve any deviation in the direction or magnitude of gravity or obvious sensory conflict or poison ingestion. Of special relevance in this regard is the finding that a combination of canal over-activation and otolith under-activation may be a much better predictor of susceptibility to space sickness than either condition alone.
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Why Intravestibular Balance May Cause Motion Sickness
Motion sickness involves a very complex activation of both the parasympathetic and sympathetic nervous systems and their central and peripheral components. This final section will focus on two major reasons why intravestibular imbalance may be critical to the occurrence of MS.
One explanation relates to the importance of normal graviception in moving about in the world. Loss of graviception, signaled by absence or unloading of the otolith signals, can be very disturbing and can result in postural 5, 7, 30 as well as ocular 18 instability. This is illustrated by the nausea and vomiting that occur not only in microgravity environments, but also during and after earthquakes, 26 which can be very disturbing in that the stability of Earth's surface is temporarily suspended. It is also reflected in the reportedly greater daily living handicap following loss of otolith vs. canal function in humans. 30 The altered graviception hypothesis is consistent with the frequency range (centered around 0.2 Hz) that is most provocative in vertical oscillation and OVAR; in this range, as opposed .0.5 Hz, the otoliths signal changes in the head relative to gravity rather than linear acceleration. However, the graviception explanation suffers from the fact not all MS involves the otoliths or graviception (e.g., angular oscillations around an Earth-vertical axis) 77, 78 MS has been viewed as a stress response (because of a rise in corticosteroid production) and some symptoms (e.g., pallor, possibly related to peripheral vasoconstriction) could be interpreted as signs of sympathetic arousal. 66 But MS does not resemble the "fight-or-flight" sympathetic arousal present during the alarm stage of the stress response and many, if not most, MS symptoms better fit the profile of parasympathetic activation. The inward accommodation of the eyes, 32 temperature loss and sweating, 71 and drowsiness ("sopite syndrome") 38 all point to parasympathetic dominance, as does the gastrointestinal emptying, 66 the most dramatic sign of MS. Although certain cardiovascular signs (heart rate change and heart rate variability) during MS have been ascribed to sympathetic activation, 24 the literature concerning these is very inconsistent and point to no clear pattern. 69,83, pp.54-57 Even the skin pallor may not necessarily indicate sympathetic activation, as peripheral vasodilation has often been found in humans and especially in animals during MS. 16, 71 Possible explanations for the complex set of symptoms in MS are that some stress hormones triggered by fear or anxiety could cooccur within a largely parasympathetic action of the motion itself or that an initial sympathetic arousal is followed by a parasympathetic rebound. 24 Regardless of the exact scenario, the fact that sympathomimetics like dextroamphetamine reduce MS symptoms while parasympathetic blockers such as cholinergic (muscarinic) antagonists attenuate MS-induced vomiting clearly supports the role of parasympathetic dominance in MS. 103 The role of the vestibular system in autonomic control is also complex and remains controversial in some areas. On the basis of a wide range of evidence, including effects on blood pressure 51, 111 and sympathetic muscle activity, 14, 44, 51 Yates et al. 105 concluded that the otoliths have a primarily sympathetic influence on cardiovascular output, which makes sense in that changes in head position relative to gravity are sensed primarily by the otolith organs and they, in turn, send a signal to boost cardiac output before blood pressure drops are detected by the baroreceptors. 105 The canals do not appear to mediate the vestibulo-sympathetic response 82 and, if anything, may exert more of a parasympathetic influence. 77 Although some studies have shown a parasympathetic cardiovascular influence of the canals, 23, 77 others have not. But there is also evidence that semicircular canal stimulation excites the parasympathetic near ocular reflex 77 and lowers temperature. 74 An extensive integration of canal processing with the cholinergic systems involved in MS is suggested by the substantial canal projection to the cholinergic (muscarinic)-rich medial vestibular nucleus and additional cholinergic projections to the caudal cerebellar vermis structures (uvulus and nodulus) that, in turn, interface with the vomiting center. 77 The otoliths, by contrast, seem more linked to aminergic projection areas such as the rostral ventrolateral medulla. 77, 105 One plausible factor as to why the canals might increase parasympathetic tone is that this could help counteract otolith-sympathetic reflexes in certain situations. For example, sympathetic activation following a head movement accompanied by whole-body movement and signaled by the otoliths may be needed to compensate for changes in orthostatic positioning, but a head nod unaccompanied by whole-body movement (signaled by both the canals and otoliths) only marginally alters the orthostatic column. In the latter case, a parasympathetic response of the canals could help offset any otolith-driven sympathetic surge.
The above explanation would place the vestibular system's role in MS as secondary to its more important role in overall autonomic control. 107 Motion could generate autonomic responses via the vestibular system, but vestibular stimulation would not be necessary for nausea and vomiting caused by other autonomic influences. This may explain why, despite major sensory conflicts and postural instability suggesting continued disruption of otolith processing, the return to 1 G from microgravity after extended spaceflight is not highly provocative-the sympathetic surge required to maintain orthostasis in the 1-G environment may partly overpower the parasympathetic vomiting reflexes. This notion fits with the link between MS susceptibility and vaso-vagal syncope, 11 a symptom of sympathetic insufficiency. One argument against the "autonomic" hypothesis is the existence of specific vestibular inputs to regions linked to the vomiting reflex (nucleus tractus solitarius, lateral tegmental field, area postrema). 106 However, all of these regions are also involved in cardiovascular tone, respiration, and other general autonomic functions.
At the very least, the intravestibular balance theory proposed here is very testable. For one, this theory predicts that canal removal/plugging should have different long-term effects on MS susceptibility than selective otolith removal; heretofore, the two procedures have never been compared in a single experiment. This theory would also predict that sinusoidal OVAR that involves more unloading of the otoliths in a facedown position (e.g., right-ear down to face-down to left-ear down) should be more provocative than the reverse sinusoidal OVAR (right-ear down to face-up to left-ear down). And certain key supportive evidence that has buttressed this theory, such as Thornton et al. 's 92 finding of a reduced MS following vs. during spaceflight, needs further replication.
If, in the end, this theory proves correct, MS will no longer be viewed as having evolutionary significance in and of itself. Rather, it will be considered more as an epiphenomenon dependent upon the creation of autonomic imbalances by selective vestibular stimulation. Whether this theory will lead to improvement over existing MS countermeasures-most of which already augment sympathetic over parasympathetic activity (pharmacological) or decrease canal relative to otolith activity (pharmacological, vestibular habituation)-remains to be seen. 
